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(57) Abstract: A tuneable impedance surface for steering and/or focusing a radio frequency beam. The lunablesurface comprises 
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A Tunable Impedance Surface 

Technical Field 

This invention relates to a surface having a tunable electromagnetic impedance which acts as a 
leconfiguiable beam stewing reflector. 

Baekgromid of the Invention 

Stemble antennas today are found in two common configurations: those with a sin^e feed or 
reflector that is mechanically steered usmg a gimbals, and those with a stationary array of 
electronically phased radiating elem^ts* Both have shortcomings, and the choice of system 
used is often a tradeoff between cost, speed, reliabiliQf , and RF (radio fnequenQi^) performance. 
Kfechanically steered ant^mas are inexpen^ve, but moving parts can be slow and unreliable, and 
they can requhe an urmecessarily large volume of unobstructed free space for movement Active 
phased arrays are faster and more reliable, but they are much more expensive, and can suffer 
from significant losses due to the complex feed structure required to supply the RF signal to 
and/or receive the RF signal from each active element of the phased army. Losses can be 
mitigated if an amplifier is included in each element or subarray , but this solution contributes to 
noise and power consumption and further increases the cost of the antenna. 

One alternative is to use a reflectarray geometry, and replace the lossy corporate feed network 
with a free space feed. The actively phased elements operate in reflection mode, and are 
illuminated by a single feed antenna. The array steers the RF beam by forming an effective 
reflection surface defined by the gradient of Ihe reflection phase across the array. Using current 
techniques, such a system stiUil requires a large number of expensive phase shifters. 

There is a need for a reflective surface, in which the reflection phase could be arbitrarily defined, 
and easily varied as a function of position. The surface should be less exp^ive tiian a 
comparably sized array of conventional phase shifters, yet hopefully offer similar RF 
performance. Such a surface could behave as a generic reconfigurable reflector, with flie abiliQr 
to p^orm a variety of important functions including steering or focusing of one or moie RF 
beams. It is the object of tiiis invention to fulfill tliis need. 
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The leconfigumble reflector disclosed herein is based a resonant textured ground plane, often 
known as tlie high-impedance surface or amply the Hi-Z surface. This electromagnetic 
structure has two important RF properties that are applicable to low profile antemias. It 
suppresses propagating surface ctments. which improves the radiation pattern of antem«s on 
finite ground planes and it provides a high-impedance boundary condition, acting as an artificial 
n^gnetic conductor, which allows radiating elements to lie in dose proximity to tiie ground 
plane without being shorted out It has origms in other wdl-known electromagnetic structures 
such as the corrugated surface and the photonic band gap surface, A prior art high-uiq?edance 
surface is disclosed in a pending US patent appUcation of D. Siev«^iper. E Yablonovitoh. 
"Orcuit and Method for Himhiating Surface Currents on Metals". PCT appUcation 
PCr/US99/06884, pubUshed 7 October 1999 as WO 99/50929. 

A prior art high-in^pedance surface is shown in Figure 1. It consists of an array of metal top 
platesorelemedtsl0onaflatmetalsheetl2. It can be fabricated using printed «arcuit board 
technology wifli the metal plates or dements 10 formed on a top or first surface of a printed 
dicuit board and a soUd conducting ground or back plane 12 formed on a bottom or second 
surface of the printed circuit board. Vertical connections are formed as metal plated vias 14 m 
Ihe printed drcuit board, wMdicomiecttiie elements 10 witiitiie underlying ground plane 12. 
The metal members, con^«ismg tiie top plates 1 0 and tiie vias 14. are arranged in a two- 
dimensional lattice of cells or cavities, and can be visualized as mushroom-shaped or tirumbtadc- 
diaped memb«s protruding from tire flat metal surface 12. The tiiickness of die structure, which 
is contioUed by tiietiuckness of tiie printed circuit board, is much less than one wavelengttifor 

tiie frequences of interest The sizes of the dements 10 are also kept less tiian «ie wavelength 
for tiie frequencies of interest The printed drcuit board is notshownfor ease of illustration. 

Turning to Figure 2. ttxe properties tins surface can be ejqjlained using an ^edive drcuit 
modd or cavity whidiisassignedasurface impedance equaltotiiatofaparalld resonant LC 

circuit The use of lumped cavities to describe dedromagndic 8tiuctiu:es is valid when the 
wavelengthismudilongertiian tiie size of tiie individual features, as is tiie case here. When an 

electromagndic wave interads witii ttie surface of Figure 1 . it causes charges to build up on tiie 
endsofflietopindalplateslO. This process can be described as governed by an effective 
capadtance C. As tiie charges slosh back and forth, in response to a radio-frequency field, tiiey 
flow around a long patiiPtiirough tiie vias 14 and tiie bottom metal surface 12. Assodated 
wifli tiiese currents is a magnetic field, and thus an inductance L. The capacitance C is oontiolled 
by flie proximity of the adjacent mdal plates 10 whUe tiie inductance L is conttoUed by flie 
tiiickness of tiie structure. 
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The Structure is inductive below the resonance and capacitive above resonance. Near its 

1 

resonance frequency, a> »= , the structure exhibits high electromagnetic surface 

impedance. The tangential electric field at the surface is finite, while the tangaitial magnetic 
field is z»ro. Thtis, electromagnetic waves are reflected without the phase reversal that occurs on 
a flat metal sheet In general, the reflection phase can be 0, jc, or anything in between, depending 
on flie relationship betwe«i (he test frequency and the resonance frequency of the structure. 
The reflection phase as a function of frequency, calculated usmg the effective medium model, is 
shown in Hgure 3. Far below resonance, it behaves like an ordinary metal surface, and reflects 
with aw phase shift Near resonance, where the surface impedance is high, the reflection phase 
crosses through zero. At higher frequrades,tiie phase approaches -m. The calculated model of 
Rgure 3 is supported by the measured reflection phase, shown for an example stracture in 
Figure 4. 

A large number of struchires of the type shown in Hgure 1 have b&ea. fabricated wifli a wide 
range of resonance frequencies, including various geometties and substi^ materials. Some of 
the structure were designed witii ovedi^ing capadtor plates, to increase flie capacitance and 
lower frequency. The measured and calculated resonance frequencies fw twoity three 
■ structures wifli various capacitance values arc compared in Figure 5. Qearly, the resonance 
frequaicy is a predictable function of tiie capacitance. The dotted line in Hgure 5 has a dope of 
tinity, and indicates perfect agreanent The bars indicate the instantaneous bandwiddi of the 
surface, defined by the frequencies where die phase is between jt/2 and -nJ2. 

For a more detailed description and analysis of the high-impedance surface, see D. Sievenpiper, 
L. 23iattg, R. Broas, N. Alexopolous, E. Yablonovitch, "High-Impedance Electromagnetic 
Surfaces witii a Forbidden Frequency Band", IEEE Transactions on Microwave Theory and 
Techniques, vol. 47, pp. 2059-2074, 1999 andD. Sievenpiper, "Ifigh-Impedauce 
Electromagnetic Surfaces", PhX). dissertation. Department of Hectrical Engineering, University 
of California, Los Angeles, CA, 1999 

When (he resonant cavities are much smalls than the wavdength of int»»st (he electromagnetic 
analysis can be amplified by c(Hisidering tiiem as lunqied LC dicuits. The proximity of the 
neighboring metal plates provides cfq)adtance, while flie condudive palh tiiat connects them 
provides inductance. The textured ground {dane supports an dectromagnetic boundary 
condition tiiat can be diaract^ized by flie impedance of an effective paialld LC dreuit, given by 
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Z « The sheet inductance is L=|Jit, where |a is the magnetic permeability of the circxiit 

board material . and t is its fliidmess. For a stracture with parallel plate capadtots arranged on a 

square lattice, the sheet capadtanoe is C=«A/d. wheie c is the electric pan^^ 

insulator, and A and d are the overlap area and separation, respectivdy , of the metal plates 

The surface has a frequency-d^ndent reflection phase givai by 



where ri is the impedance of free space. Far from the resonance frequency, the surface behaves 
as an ordinary electric conductor, and reflects wifli a jc phase shift Near die resonance 

Hfiequency, die cavities interact strongly with the mcoming waves. The 
[surface si^ports a finite tangential electric field across the lattice of 
' ^ ^^ capacitors, and die structure has high, yet reactive surface impedance. At 
resonance, it reflects with zero phase shift, providing die efi-ective boundary condition of an 
artifidal magnetic conductor. Scanning through die resonance condition from low to high 
fiequendes, tiie r^ection phase varies fiom «, to zero, to Thus, by tuning die resonance 
fiequency of die cavities, one can tune die reflection phase of die surface forafixedfi»quency. 

This tunable reflection phase is die bads of die reconfigurable beam steering reflector disclosed 
herem. By varying die reflection phase as afunction of position across die surface, one can 
perform a variety erf functions. For exanq>le, a linear phase gradi«it is equivalent to a virtual tilt 
of die reflector.Asaw-toodi phase function tiansforms die surface uitoavirtualgrating.A 
paraboUc phase function canfocusaplane wave ontDasmallfeedhom,aUowing die flat surface 

to replace a parabolic disSi. 



Brief Description of the Invention 

Features of die present invention indude: 

1. A tunable surface impedance; 

2. A method of making a tunable impedance surface; 
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2. A method for focusing an electromagnetic wave using the tunable surface; and 

3, A method for steering an electromagnetic wave u^g the tunable surface. 

This invention provides a reconfigurable electromagnetic surface which is capable of performing 
a variety of functions, such as focusing or steering a beam. It improves upon the high- 
impedance surface, which is the subject of PCT application PCT/US99/06884, published 7 
October 1999 as WO 99/50929, to include die important aspect of tunaWlity. 

The present invention provides a tuneable impedance surface for steering and/or focusing a 
radio frequency beam. The tunable surface comprises a ground plane; a first plurality of 
elements disposed in an array a first distance from tihe ground plane, the distance bemg 1^ than 
a wavelengtii of the radio frequency beam; and a second plurality of elements disposed hi an 
array fca* controllmg the c^adtance betwe^ the elements of the fust array. The second plurality 
of elements include, in one embodiment, variable discrete capadtore and, in another embodiment, 
a plurality of plates arranged to be moveable relative to tiie first plurality of dements. 

The present invention provides, in another aspect, a tuneable impedance surface for steering 
and/or focusing a radio frequency beam, the tunable surface comprising: a ground plane; a first 
plurality of top plates disposed a distance from the ground plane, the distance being less than a 
wavelength of the radio frequency beam; and a second plurality of top plates disposed a 
di£fer»it distance from the ground plane, the second plurality being moveable relative to tb& first 
plurality. 



Brief Descriptioii of the Drawings 

Hgure 1 (tepicts a conventiimal high-impedance surface fabricated uang printed drvuit board 
technology of the type disclosed in VJS. Provisional P^nt Serial Numb^ 60/079,953. and 
having metal plates on the top ^de connect through metel plated vias to a solid metal ground 
plan on the bottom side; 

Figure 2 is a cdrcuit equivalent of a pair of adjacent metal top plates and associated vias; 

Figure 3 depicts the calculated reflection phase of the high-impedance surface, obtained fiom 
the rffective medium model and shows that the phase crosses dnough zeio at the resonance 
frequency of the structure; 
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Rguie 4 shows that the measured reflection phase agrees weU with the calculated reflection 



Hguie 5 depicts the measured resonance frequency compared to the calculated resonance 
frequency, udng the effective drcuitmodel of Rgure 2,for twenty three examples of the surface 
shown in Hgure 1; 

Hgure 6 depicts a high impedance surface with an array of variable capacitors placed between 
ndghboring top ^ates; 

Rgure 7 depicts a drcuit equivalent of the surface shown by Rgure 6. modified so that the 
addressing of each variable capadtor occurs by api^ymg a voltage through an assodated 
conducting via; 

Rgure 8 depicts a top view of one embodiment of the present uivention 
RgurePd^ictsatop view of anotha- embodiment of the present invention; 

Rgure 9a depicts a top view of one embodiment of flie present invention similar to that of 
Rgure 9, but with all elements being controllable; 

Rgure 10 depicts a top view of yet another embodhnent of the present invention; 

Rgure 10a depicts a top view of one embodiment of flie present mvaition similar to that of 
Rgure 10, but with all demaits bang contrdlable; 

Rgure 1 1 dci>icts another technique for tuning the capadtance by uang heaters arranged below 
^e surface, whidi heaters causing ttmetellic. strips cm Ac t»p surface to bend; 

Rgure 12demanstiate8how beam can be steered by io^wessing a linear reflection phase 
fimction on fte tunable impedance surface-phase discontinuities of 2w are used to steer to U^^^ 

angles, making the surface resemble a grathig; 

Rgure 13 dononstrates how a parabolic reflection phase function can be used to focus a beam; 
Rgures 14a and I4b depict a pair of printed circuit boards, in side elevation and plan views, one 
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* board of which is a high-impedance surface while the second board is slidable relative to the 
high-^inqsedance surface and includes an array of conductive plates or patches which overlap the 
plates or patches of the high-impedance surface; 

Figure 15 depicts a circnit topology corresponding to Figures 14 a and 14b showing how the 
change in capadtance depends on the polarization of an incoming wave; 

Hgure 16 is a somewhat more detailed version of Figure 14a, showing fhe two bqaids 
contacting eadi other and showing the effect of movement of one board relative to fhe other in 
t^ms of capadtance changes; 

Hgure 17 is a graph of fhe measured reflection phase of the experimental structure shown in 
Figures 14a and 14b as a fimction of frequency for ten different positions of the one boaitl, 
displaced in the direction of the applied electric field relative to the other board; 

Figure 18 shows rotation of one board relative to the other in order to vary the resonance 
frequeacy and thus the reflection phase, as a function of position, of the tunable surface so that 
it can be used to steer a reflected beam; 

Rguie 19 is a graph of the measured r^ection magnitude as a function of incidence angle with 
the two boards aligned with each other, 

Figures 20a and 20b are gmphs of the measured reflection n:uignitude as a function of incidence 
angle with for two different relative orientations of the two boards; 

Figure 21 demonstrates a test of the microwave grating having two periods in which the movable 
board of the experimental structure was physically divided down its center into two portions 
were offset as shown in this figure; 

Figures 22b, and 22 b axe graphs of the measured reflection magnitude as a function of incidence 
angle with for two different relative orientations of the two boards wh^ set up to have two 
periods as shown in Figure 21; 

Figure 23 is a graph of phase discontinuities which can occur with movement or rotation of the 
one of the board relative to the other board; and 

Figure 24 depicts two boards, one with conductive patches of a uniform size and arrangement 
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L Detailed Descriptioii of a first Embodimeiit 

In accordancie with a first embodinient of the present invention, a high-impedance surface 16 is 
modified by adding variable capadtors 18 as iUusttated in Rgure 6. These variable c^adtots 
18 can take a variety of forms, including micioelectomechanical capadtors, plunger-type 
actuators, thermaUy activated himetaUic plates, or any other device for effectively vaiying the 
capadtance between a pair of «^tor plates 10. The variable capadtors 18 can alternatively be 
soUd stale devices, in which a fenodectric or semiconductor material provides a variable 
capadtance controlled by an externally applied voltage. An example is shown in Hguie 6, 
where individual variable capadtors 18 are disposed between each neighboring pair of 
hexagonal metalUc top plate elements 10. By changing the capadtance. the curves in Rgures 3 

1 

and 4 are shifted according to the resonance fte<iuency given by the rdation: o> = as 

verified by the data dejacted hi Hgure 5. This has the efiect of changing the unpedance at a 
single ftequency. By varyuig the capadtance as a function of distance along (or location on) the 
sutfeoe, a position-dependent or location-dependent impedance can be generated on the surface 
30 (Hgoies 6 and 7), and thus a podtion-dependent or location-dependent reflection phase 
occurs. A tunable high-impedance surface 30 is thus provided. 

The vaiiable capadtors 18 can be provided by microelectromechanical capacitors, thermaUy 
activated bimetalUc strips, plungers, or any other device for movmg a capadtor plate- 
Altmiatively, elements 18 could be semiconductor or ferroelectric variacs. 

The capadtance C of a cell of the high impedance surface can be less than 1 pF. As such the 
amount of capadtance to be added to each cell to change Has mqiedance can also be quite smaU 
and therefor the physical size of elements 18 can likewise be sman. Indeed, elements 18 addmg 
capadtance in the range of 0,1 to 1.0pFp«ceU wiU often be quite suitable. 

The tunable surface of Hgure 6 is pr^eiably built or disposed on a substrate 24 (Hgure 7) such 
as a printed circuit board. The thidmess of the printed dtcuit board is kept preferably much less 
than the wavdengflh associated with flie frequently or frequency band of interest. For high 
frequwicy applications, that means than the printed circuit board is rather thin. Thin printed 
circuit boards having a thickness of only 0.1 mm are readUy available For example, polyimide 
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' prmted circuit boards are commercially available as thin as 1 mil (0,025 mm) and therefore the 
disclosed structure with printed circuit board technology can be used in veiy high frequency 
applications, if desired The elements 10 are electrically conductive and typically made of a metal 
conveniently used in printed circuit board fabrication processes and are disposed on one surface 
of the substrate 24. The back plane 12 is disposed on flie opposite surface of substrate 24. Vi as 
are typically provided and plated to f onn conductors 14. Qmductors 14 are connected to the 
elements 10 at one end thereof and are coupled, eitfaer capadtively or directly, as will be 
discussed later, at or near another end thereof to the back plane 12. 

Elements 10 should be sized to be less than one half the wavelength assodated with the 
frequency of interest However, to minimize sidelobes, the performance of the high-impedance 
surface will improve as the cell size is reduced, i.e. as the physical dze of the elements 10 is 
reduced. Preferably, the size of the elements 10 is kept to less than one tenth the wavelength 
associated with the frequency of interest, since that yidds good results while keeping the high 
impedance surface reasonably manufacturable. 

If elements 18 are provided by microelectromechanical capacitors, or by solid state variacs, the 
c^dtance can be changed by changtog an applied voltage, which can be routed throu^ the 
conductive vias 14. This can be accomplished by dividing the array of elements 10 into two 
subsets: 10a and 10b. One subset 10a is electrically grounded, while the second subset 10b 
would have an appUed control voltage that may be dififerent for each element 10b. The 

control voltage is applied through a via 14b, which in this case would not be connected to the 
ground plane 12, but instead to an external data bus 20. This embodiment is illustrated by 
Hgure 7. The data lines 20 are fed to an external control unit (not shown) for generating the 
desired control voltages for various beam steering or focusing operations. In this embodiment, 
the data lines 20 each preferably include an RF choke (not shown) wired in series to prevent 
radiation to the back side. 

Additionally, the vias 14b are capacitively coupled to the ground plane 12 so that fliey appear to 
be connected to tiie ground plane 12 at die RF frequences of interest, but not at the much lower 
frequendes of the control voltages (which would typically be considered to be comparatively 
slowly changing DC voltages). Since the vias 14b conveniently pass through the ground plane 
12, they are conveniently capacitivdy coupled to the ground plane 12 where they penetrate the 
ground plane 12 and that capadtance at that point 14c can be convenienfly controlled using 
techniques well known in die art. Preferably, the capadtance at the penetration point 14c is much 
larger tiian the capacitance of elements 18. 
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Figures shows an embodiment of an hexagonal array of elements 10 a and 10b. RecaU that 
elements 10a are directly connected to the ground plane while elements 10b are connected to 
contiol voltages (but are capacitively or effectively coupled to the ground plane for the 
frequencies of the imaging RF waves of interest). The c^adtances added by dements 18 are 
controlled by &e control voltages on bus 20. Considering some particular elements 10 identified 
by the letters A, B, and C in Figure 8, it wiU be noted that element A is direcdy coined to . 

ground since it is a member of subset 10a, whUe elanents B and C have control voltages appUed 
thereto as they both belong to subset 10b. The element 18 between elements A and B is 
contioUed by the control voltage appUed to element B through its associated via 14b, The 
capadtance between elements A and B is controlled by Q their physical relationship and Oi) Ite 
capadtance contributed by the aforementioned element 18. likewise, the elanent 18 betwe«i 
elements A and C is controlled by die control voltage appUed to element C dmm^ its 
associated via 14b. Howcvct, the c^adtance between elements B and C is fixed in this 
embodimentby their physical rdationship. Of course, an element 18 could be provided between 
dements B and C in which case &e c^dtance contributed by that added element 18 would be 
based on the difference of the control voltages appHed to elements B and C . Those skiUed in the 
ait will s^redate that such control based on voltage differences adds additional compUcation, 
since the added capadtances provided by at least some of the elements 18 are then a function of 
the diff«ences in the control voltages. But if that added compUcation is warranted in order to 
providegreatercontroloftheunpedanoeofthesurface,thenevenmore(orperhapsall)ofdie 

dements 10 could be controUed by control voltages (in which case less ornone of the dements 
would be directly grounded as in the case of subset 10a). As can be seen, the ratio of controlled 
(subset 10b) to uncontrolled (subset 10a) elements 10 can vary greatly. 

Alternatively. aU of the elements 10 can be dhedly connected to ground plane 12 and the contr<d 
voltages from bus 20 can be connected direcfly to the various variable capadtois 18 throu^ 
other vias (not shown), in whidi case no dement 10 would be a controlled element of subset 
10b. 

Figure 9 shows an embodiment of a rectangular anangement of the elements 10a and 10b. The 
latio of controlled (subset 10b) to uncontroUed (subset 10a) elements in this figure is shown as 
bdng 1: 1 and an dement 18 is disposed between each element 10. However, if all of the 
dements 18 are controlled and therefore all bdong to subset 10b (no 10a elements), tfien the 
embodiment shown in Rgure 9a is arrived at Agahi , the ratio of controlled (subset 10b) to 
uncontrolled (subset 10a) dements 10 can vary greatly. 

Rgure lOshowsananbodimentofatriangulararrangementoftheelements 10a and 10b. The 
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ratio of controlled (subset 10b) to uncontrolled (subset 10a) elements in this figure is shown as 
being 1; 1 and an element 18 is disposed by between each element 10. However, if all of ttte 
elements 18 were controlled by making them subset 10b elements (in which case subset 10a is 
of a zero size), then the embodiment shown in Hgure 10a is artived at As previously mentioned, 
the ratio of controlled (subset IGb) to uncontrolled (subset 10a) elements 10 can vary greatly. 

The ratio of controlled (subset 10b) to uncontndled (subset 10a) elemoits 10 can be less than 
1: 1, if ctesircd, whidh will also have the effect of redudng the number of cq>acitor dements 18 
utilized, but, q£ course, with less control of the impedance of the surface. However, that could be 
quite suitable in certain embodiments. 

As an alternative method of tuning (he capadtance, heaters 26 (Hgure 11) can be arranged 
bdow tiie surface, which would actuate an array of bimetallic strips 18, which would bend 
acc<Mrding to the local temperature. This embodiment is shown hy Hgure 11 where heaters 26 
arc provided to control the position of the adjacent bimetallic strips 18. As the mdallic strips 18 
move to a close position, the c^dtance increases. Another method of tuning the capadtance 
involves mechanical plungers, which could be moved by hydraulic pressure or by a series of 
magndic coils. The examples given here are not meant to limit how additional capadtance can 
be added; Other techniques for tuning the capacitance may be utilized. 

The operations that can be performed depend on the surface impedance, and thus the reflection 
phase, as,a function of position. H" the reflection phase assumes a linear slope 44, tiie surface 
can be used to steer an RF beam 32, as illustrated m Hgure 12. Hgure 12 demonstrates how 
inditeot beam 32 can be steered to produce a reflected beam 34 by impressing a linear reflection 
phase function 44 on the tunable impedance surface 30. To steer to large angles, phase 
(fiscontinuities of 27r can be included, so the surface acts like a diffraction grating. Of course, the 
inddent wave 32 can arrive at an angle ottier than 90 degrees to the surface 30 and the reflected 
wave can be reflected 90 degrees to the surface 30, if dedred. 

Alternatively, a parabolic function 46 can be used to focus a reflected beam 36, as ^wn m 
Hgure 13. Hgure 13 demonstrates how an inddeat RF beam 32 can be steered by inqtressuig a 
parabolic reflection phase function 46 on the tunable impedance surface 30. To steer to large 
ai^es, phase discontinuities of 23t are included, so tiie surface acts like a Hesnel or parabolic 
reflector to focus an inddent wave 32. The reflected beam may be focussed, for examqple, on a 
Low Ndse AmpMer (LNA) of tiie type used with dish antennas. Here the reflecting surface 30 
may be flat and moreover it is tunable to effective steer the antenna. 
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Of course, the tunable impedance surface 30 can be eaaly tuned by adjusting the capacitors 18 
80 that the impedance of the surface 30 varies as a function of location across the surface. As 
can be seen by reference to Kgures 12 and 13. changing the impedance profile on the tunable 
impedance surface 30 has a prafound effect on how an incident RF wave 32 interacts with the 
surface 30. Indeed, surface 30 can be planar and yet act as if it were a prior art paiaboUc dish 
reflector or a diffraction grating. Even more remaricable is the fact that surface 30 can be 
effectively programmed to mimic not only paraboUc reflectors of different sizes, but also flat, 
an^ed reflectors or any other shape of reflector or diffraction grating by simply dianging the 
impedance of the surface as a function of location on the surface. 

In the embodiments shown by the drawings the tunable impedance surface 30 is dq>icted as 
bdng planar. However.this first embodim«>t of flieinventionis not limited to planar 
impedance surfaces. Indeed, those ddUed in the art wiU W«ciate the fact ^ 

board technology pref «ably used to provide a substrate 24 for the tunable impedance surface 
30canprovideaveryflexiWesubsttate24.Thusthetunableimpedancesurface30canbe 

BKwnted on any convenient surface and corf onn to flie shape of that surface. The tuning of the 
impedance ftoction would tiien be adjusted to account for tiie shape of that surface. Thus , 

surface 30 can be planar, non-planar, convex, concave or have any other sh^ and still act as rf 
a were a prior art paraboUc dish reflector or as a diffraction grating by appropriately tunmg its 
suxf ace impedaBce, 

The top plate elements 10 and tiie ground or back plane element 12 are preferably formed from 
a metal such as copper or a copper alloy convenientiy used in printed dicuit board technologies. 
However. non-metalUc. conductive materials may be used instead of metals for tiie top plate 
elements 10 and/or tiie ground or back 0ane element 12, if des&»d. 



n. Detailed Description of a Second Embodiment 

Hgures 14a and 14b depict a tunable impedance surface in accordance witii tiie present 
invention. Figure 14b is a plan view tiiereof whUe Rgurel4a provides a ode elevation view 
tiiereof . The tunable impedance surface includes a pair of printed drcuit boards 16, 18. The 
second board is given ttie same reference numeral, 18. as flie variaWe c^tois of tiie first 
embodiment smce it provides anotiier means of tuning ttie capadtances of tiie conductive plate 
<sr patches 10 of tiie high impedance surface 16. 



-12 



eNSOOCID- ^017a893A1. L> 



wo 01/73893 



PCTAJSOI/09973 



As in the case of the first embodiment, board 16 has a lattice of conductive structureslO, 14 
resembling the conventional high-impedance surface previously described. The back of this first 
boardhas a ground plane 12, preferably made of a flun, but solid, metal, and the front is covered 
with an anay of conductive plates or patches 10 preferably made of metal, which are connected 
to the ground plane by conductive vias 14 preferably foraied by plated metal. The conductive 
patches 10 and thdr associated conductive vias 14 form the conductive thumbtack-like 
siructtties. This structure can be easily fabricated, for example, on FR4, a standard fiberglass- 
based printed circuit material. 

The second board 18 includes an array of conductive tuning plates or patches 20, preferably 
made of metal, which are designed to overlap the conductive patches 10 on the fiist board 16. 
The tuning patches 20 are siq>ported on a sheet of FR4, and are preferably covex^ by an 
insulating layer 22 such as Kapton polyimide. The two boaids may be pressed together with the 
conductive plates or patches 10, 20 separated by the polyimide insulator, fomiing a lattice of 
parallel plate capacitors. The confronting surfaces are designed to slide against each other, to 
allow adjustment of the overlap area between tiie matching sets of metal plates 10, 20, and thus 
allow the capacitors to be tuned. Indeed the confronting surface are preferably brought into 
: dose contact with each other as is even better depicted by Figme 16. 

The two boaids 16, 18 typically have a lai^ number of conductive plates or patches 10, 20 
formed thereon and the figures only show a small number of the plates or patches which would 
- Q^cally be formed for clarity of representation. In the experimental structure, whidi is 
discui^ below, each board has approximately 1600 patches disposed fliereon. The number of 
patches utilized is a matter of design choice. 

a. An Esperimental Stracture 

An experimental stracture of this second embodiment of tine invention has been made and 
tested. In the experimental stracture, the plates 10, 20 were provided by square metal patohes 10, 
20 formed on both boards 16, 18 which measured 6.10 mm on each side and they were 
distributed on a 635 mm lattice. The fixed board 16 was 635 nim thick, and die conducting vias 
14 were 500 |im in diameter, centered on the square metal plates 10. The movable boatdi 18 was 
1 .57 mm tiiick, and the polyimide insulator 22 that covered the tuning plate was 50 (wi thick* 
Both boards measured 25«4 cm on each edge* as such each board had an array of approximately 
40 by 40 conducive patches 10, 20 thereon* To ensure uniform, infjiiifltft contact between the two 
matchmg surfaces, a vacuum pump was attached to the back of the fixed board. This evacuated 
the space between flie boards by way of the hollow openings 15 preferably provided in ttie vias 
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14 and f oiced the two together. 

By sUding tho upper boaixi 18 relative to the lower board 16. the overlap area of Ihe caparators is 
changed, tuning the resonance frequency of the small cavities on the surface. However, only 
movement that is parallel to the appUed electric field contributes to a change in resonance 
frequency. This can be understood from the f oUowing discussion: The lesonanoe frequency of 

thecavitiesisgiveubyo>= -==: .where C is the effective capacitance produced by a 

combinadon of four separate capacitors CrC4 indicated in Figure 14b. The mode that is 
ewated in the cavities, and the circuit topology that produces the effective capadtance, depends 
on (he polarization of the incoming wave. The circuit topology for two cases is shown in Rgure 
15. 

For e)cample, consider an incoming wave polarized along direction Y. referring to Rgure 14b for 
orientation. The effective capadtance is (C1+C2) in series with (C3+C4). If the top board 18 is 
moved m the +Y direction, parallel to the appUed fidd, then Ci and C2 a» increased while C3 
and C4 are decreased by the same amount, as shown in Figure 16. Since flie motion occurs 
along the direction of pairs of capadtors that are in series, the result is a net change in 
capadtance, and thus a change in resonance frequency. Conversely, if the top plate 18 is moved 
in the +X direction, perpendicular to the appUed fidd, then and C4 are increased while Ci 
and C3 are deceased by the same amount Since the motion occurs along the direction of pairs 
that are in parallel, there is no net change in capadtance, and no change in resonance frequency. 
The maximum effective c^adtance, and thus the lowest resonance frequency, occurs when the 
upper plate is centered such that capadtors that are in series have equal value. Those skilled in 
the artwUl appreciate that this justification of why the square shapes work when one set is 
rotated with respect to the other set does not limit the mvention to square shaped top plates 1 8 
and square shaped lower plates 14. These same sort of ^ect is obtained if CO nonrsquare 
shapes are used, (u) non-uniform shapes are used with rdativetrandation movement and 

di^baaed on apolar coordinate system (like segmented lings of metal 0ate8)areu^ 
rotaficmal movement 

The resonance fiequaicy of the high impedance surface defines the frequency where the 
teQedion phase crosses flirough zero. For a fixed test frequency, a chan^ m the resonance 
frequency of the surface spears as a change in reflection phase. To measure the reflection 
phase of flie experiment^ structure, a network analyzer was used and a pan: of hom antennas, 
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one for transmitting and the other for receiving, were also used The horns weie placed next to 
each other, both aimed at the tunable surface, and separated by a sheet of micrxDwave absorber. 
Microwave energy was transmitted from one horn, reflected by the surface, and received with the 
other horn, while the reflection phase was monitored for various positions of the movable board. 
The use of separate transmitting and receiving horns was used for fliis experiment because it 
diminates interference from internal reflections within the antermas. The data was compared to a 
reference scan taken using a flat metal surface, which is known to have a reflection phase of at. 

The reflection phase of the experimental structure is shown in Hgure 17 as a func^on of 
frequency for ten different portions (numbered 1 through 10) of the upper boaid» displaced in 
the diiection of the applied electric field By varying the overiap area of the capadtor plates, the 
resonance frequency is tuned from roughly 1.7 GHz to 33 GHz. The series of scans shown 
corresponds to a total translation of one-half period of the textured surface, or3^ mm. The 
tuning tang^ is limited by the maximum and minimum achievable capacitance, which depend on 
the area of the plates, the thickness of the insulator, and the fringing field in the surrounding 
medium* 

b, ReflecliTe Beam Steering 

By varying the resonance frequency, and thus the reflection phase, as a function of position, the 
tunable surface can be used to steer a reflected beam. The simplest approach to beam steering is 
- to create a monotonic, preferably linear phase gradient across the surface. For a mechanically 
tuned reflector, this can be accomplished by a rotation of one printed circuit board with respect 
to the other one, as shown in Hgure 10. From the discussion set forth above, the reflection 
phase is only afiected by translation of the capacitor plates in the direction parallel to the applied 
electric field For a wave polarized along Y, only the component of translation in the Y direction 
is relevant, and the translation along X has no effect For each individual capadtor plate, a small 
rotation of one board relative to the other produces a translation in Y that is roughly a linear 
function of X, but is larigely independent of Y, Thus, rotation generates a monotonic phase 
gradient in the direction perpendicular to the applied electric field, which is equivalent to a virtual 
tilt of the surface. Only a small mechanical motion is required, since the mflximum displacement 
needed at the edge of the board is only one-half of the lattice period 

To measure the beam steering properties of a tunable reflector afforded by the previously 
discussed experimental structure, the experimental structure was mounted vertically on a rotating 
pedestal and the reflection magnitude was measured as a function of incidence angle using two 
stationary horn antennas. Adjustment screws placed at two comers of the surface allowed 
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independent cjontrol of botii the relative orientation and the relative vertical displacement of the 
two boards. Repeated measurements of the reflection pattern were taken for various positions of 
the movable board. The measurements described below were performed at 3.1 GHz. 

With the plates 10, 20 of two boards 16. 18 of tiie experimental stroctareaUgnedwitii each 
otiier, the surface has no phase gradient, and the an^e of reflection is equal to the an^e of 
inddence. The reflection magnitnde as a function of inddaiceangleis showninRgure 19. As 
expected from tiie foregomg discussion, flie rrflection is strongest at 0 and 180 degrees when 
the front and back surfaces of tiie reflector are directly facing the horns. The lobes at otiier 
angles are due to reflections from the rotating stage, tiie edges of the boards, flie a<Sustment 
screws, tiie waUs of our anechdc chambw. and oflier objects. The asymmetry in tiie reflection 
magoitiide and angular profile betwerai tiie front and bade ades of the pattern is due to an 
acrylic vacuum plate whidi was attadied to flie bade of tiie reflector to hold tiie two printed 
drcoit boards making up tiie experimental strudure togetiier. The difference in reflection phase 
between the two sutf^s also contributes to tills asymmetiy , because it affects tiie way tiie 
reflected waves interfere wifli ottier reflections fiom tiie surroundings. 

When one board of die experimaatal structure is rotated against tiie oflier. tiie resulting phase 
gradient causes a normally inddent wave to be reflected at an angle ^vai by 6 - 2tan~* j , 

where g is flie phase gradiwit in radians per meter and X is flie wavelengfli. The refledion 
patterns for two different rdative orientations of flie plates 10, 20 of flie two boardsl6,18 are 
shown m Hgures 20a and 20b. Figures 20a and 20b are graphs of tiie measured rrflection 
rnagnitudeasafunction of inddence angle wiflifOTtwo different relative ori«rt^ 
boards. In Figure 20a flie graph is for tiie orientation shown by Rgure 18, while Rgure 20b Is 
for rotation of tiie upper board 18 in a direction opposite to tiiat shown by Hgure 18. The main 
lobes can be seen at an^es of about degrees, indicating fliat flie surface no longer refleds in 
flie specular diredion, but lathermadirBctiondeteimhied by magnitiide and direction of tiie 

phase giadienL By rotating tiie upp« surface between tiiese extremes, flie reflection angle can be 
tuned m an analog fashion. Of course, tiie lobe in tiie backward direction stiU appears at 180 
degrees, because flie back of tiie surface is untextuied. It should be noted tiiat because tiie 
transmitting and receiving horns are stationary and mounted next to each otiier, tiie main lobes 
of flie leflection pattern indicate angles at which a plane wave is refleded directiy back towards 
its source. This means fliat a normally inddent plane wave would be reflected to twice tiie angle 
measured in tiiis experiment, and could be steered over a range of ±16 degrees. 
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Because the resonance frequency is not a linear function of the displacement, as seen ficom 
Rgure 17, the maximum useful range of motion is actually less than one-half period For the 
results described above, the difference in displacement between the two edges of the structure 
was roughly 1 nun, or 0-01 wavelength. The higher-frequency region is preferred between 2.5 
GHz and 33 GHz, where the resonance frequency is roughly a linear function of displacement 
This region also defines the bandwidth over which the surface can effectively steer a beam. 

c IMlcrowave Grating 

Using a monotonic phase function, the nmximum reflection angle is achieved when the phase 
varies by 2jt across the width of the surface. This limits the beam steering capabiUties of a 

surface with a width w to 6 « 2tan~^ L j. In order to steer to larger angles, a larger phase 

gradient must be used. Since phase can only be defined modulo 2?c, periodic discontinuities of 
2jt must be included in the phase function. Such a surface can effectively be considered a 
grating. Generally speaking, gratings are physical structures. In this embodiment the present 
invrntion mimics a grating. 

In order to test a microwave grating with two periods using the ejqperimental structure, the 
movable board 18 was physically divided down its center into two portions 18a and 18b, and the 
two portions were offset as shown in Figure 21. This provided the phase discontinuity used to 
produce a two-period grating, which has twice the phase gradient as the monotonic surface 
previously described. As can be seen from Figures 22a and 22b. Figures 22a and 22b are 
gmphs of the measured reflection magnitude as a function of incidence angle with for two 
different relative orientations of the two boards when set up to have two periods as shown in 
Figure 21. In Figure 22a the graph is for the orientation shown by Figure 21, while Hgure 22b 
is for rotation of the upper board 18 in a direction opposite to that shown by Hgure 21. The 
maximum reflection angle now occurs at ±19 degrees. For a normally incident plane wave this 
corresponds to beam steering of ±38 degrees. As before, the beam could be steered to any angle 
within this range by adjusting the phase gmdient, while maintaining the 2st phase discontmuity . 
For larger angles, or for larger surfaces, multiple discontinuities can of course be used. 

The patterns shown for this e?qperiment exhibit scattering at other angles. This is because 
rotation of the upper board of the experimental structure does not produce a perfectly linear 
phase function, as dictated by the functional dependCTice of the resonance frequency on the 
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displacement of the capacitor plates. The problem is most severe at the phase discontiniiities. as 
shown in Figure 23 . With more accurate control over the resonance ftequency of each 
individual cavity, Uie pattern could be improved. 

While the phase function pix>duced by this rotational motion tends to be nonlinear, it can be 
close enough to Unear to pioduceaweU-fomred beam, as seenin the date. M(«eover, it may wen« 

be possible to compensate for this non-linearity, and one way of doing this could be to a^ust 

the spacing of the cells ^ - C4 formed by plates 10. 20. Another approach would be to adjust 

the size of the ceUs C, - C4. while keeping the spacing of the plates uniform. The main oJgective 

of this approach would be to provide a surface in which the capacitance is decreased more 
slowly near the edge on whichit is being decreased the most-in other words, tx, caned thenon. 

linearity of the phase function. One e^mple of a structnie fliat could do this is shown by Rgure 
24 The plates 20 are made longer and narrower on one side, but shorter and wider on the other 

side Thetotalc^adtanceisthesamcandbutthesidewithflielong^randnanowersquai^ 
wiU be sUghtly less sendtive to translaticaim the vertical direction. Rotation, as represented by 
arrow 27. around pivotpoint25 should produce a more linear phase function than a uinfom 
latdce would produce. This technique could be usedtomate any other phaseftoction desired 

lathe embodiments shownby tiie dmwings the tmmble impedance surface is depicted as bdng 
planar.Howev«,theinventionisnotlimitedtoplanartunableimpedance^aces.^^^ 
LnedintheartwiUappredatethefact that the printed drcuitboard technology 
topiovidesubstmtesl6.18forthetunableimpedancesurfacecanprovideaveryfleHble 

snbsttate. Thus, the tunable impedance surface can be mouirted on any convenient «irface and 
conform to the shape of that surface. However, a planar configuration is preferred smce that 
should make it easier to move board 18 relative to board 16 when the surface xt tuned. 

Tie top Plato elementslO and the ground or back plane element 12 are preferably formed fiom 
ametal such as copper oracopperaUoy conveniently usedinprintedcircuitboardtedm^^^ 
However.non-metalIic. conductive materials may be usedinstead of metalsfar the topplate 
elements lOand/or the gmundor backplane element 12. if desiredThis is dsotruefor^ 

20 f oimed on board 18. 

Having described theinventionin connection with certain embodiments thereof, modification 
^ now certainly suggest itself to those skiUed m the art As such, the mvention is not to be 
Hndted to flie disclosed embo toents except as required by the ^>pended damis. 
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CLAIMS: 



1. A tuneable impedance surface for reflecting a radio frequency beanti, the tunable surface 
comprising: 

(a) a ground plane; 

(b) a plurality of elements disposed in an array a distance from tihie ground plane, the 
distance being less than a wavelength of the radio frequency beam; and 

(c) a capacitor anangem^t for controUably varying capacitance between at least selected 
ones of adjacent elements in said array. 

2. The tuneable impedance surface of claim 1 wherein the capacitor arrangement comprises 
a an array of discrete variable capacitance elements associated with the elements disposed in the 
£brst mentioned array. 

3. The tuneable impedance surface of claim 1 wherein the capacitor arrangement indudes a 
plurality of mioroelectcMnechanical capadtors connected betwera adjacent elements. 

4. The tuneable impedance surface of claim 1 wherein the capacitor anangemeht includes a 
plurality of vaiiacs connected between adjacent elements. 

5. The tuneable impedance surface of any one of claims 1-4 wherein approximately one- 
half of the elements are directiiy or ohmically coupled to the ground plane by vias in a substrate 
supporting said ground plane, said plurality of elements and said capacitor arrangement 

6. The tuneable impedance sraface of claim 5 wherein the elements which are not dir^tly 
or ohmically coupled to the ground plane are coupled to a data bus for applying control voltages 
thereto. 

7. The tuneable impedance surface of daim 6 wherein the elements, which are coupled to 
the data bus, are also capadtively coupled to the ground plane so as to appear to efTectivdy 
shorted thereto for a frequency or frequendes of said radio frequency beam. 

8. The tuneable impedance surface of any one of claims 1-4 whemn less than one-half of 
the elements are directly or ohmically coupled to the ground plane. 

9. The tuneable impedance surface of claim 8 wherein more than one-half of the elements 
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are coupled to a data bus for applying control voltages thereto. 

10. The tuneable impedance surface of any one of claims 6 - 8 wherein the elements which 
are coupled to the data bus are capacitively coupled to the ground plane so as to appear to 
effectively shorted tiiereto for a frequency or frequencies of said radio frequency beam. 

11. The tuneable impedance surface of claim 10 wheieinall of the elements aie coupled to a 
data bus for applying control voltages thereto. 

12. Thetuneableimpedancesurfaceofclaunllwhereinthedemeiitsawcap 
coupled to the ground plane so as to appear to effectively shorted thereto for a frequency or 
frequeades of said radio frequency beam. 

13 . The tuneable impedance surface of daim 1 wherein the capadtor arrangement comprises 
a second pluraKty of dements disposed in an army a second distance from the ground plane, the 
second pluraUty of dements be moveable relativetothe first pluraUty of dements. 

14. The tuneable impedance surface of claim 13 wherein the first pluraUty of dements and 
the second iduiaUty of elements are arranged in parallel planar arrays. 

15. The tuneable impedance surface of claims 13 or 14 wherein the first pluiahty of 
demits and die second pluraUty of elements are separated by a dielectric layer. 

1 6. The tuneable impedance surface of daun 15 wherdn the first plurdity of elements and 
the second pluraUty of elements abut sdd dlelectnc layer. 

17. The tuneable unpedance surface of ddms 15 or 16 wherdn the first pluraUty of 
demeats are fixed rdativetosaiddidectiiclayer and the seomdpluraUly of demcntsa 

moveable idali ve to said dielectric layer. 

18. The tuneaWe inqiedance surface of any one of the preceding claims further including a 
substrate having first and second m^ or surfaces, said substrate supporting said ground plane on 
the first mqor surface thereof and supporting said pluraUty of danents on the second major 
surface fliexeof. 

19. The tuneable impedance surface of any one of the precedmg claims wherdn said 
capadtor arrangement is adj ustable to spatiaUy tune the impedances of said pluraUty of 
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elements. 

20. The tuneable impedance surface of any one of the preceding claims wherein the plurality 
of elements each have an outside diameter which is less than the wavelength of the radio 
frequency beam. 

2h The tuneable impedance surface of any one of the preceding claims wherein the 
capacitor arrangement controllably varies the capacitance between all adjacent elements, 

22. A method of tuning a high impedance surface for reflecting a radio frequency signal 
con^ridng: 

arranging a plurality of generally spaced-apart conductive surfaces in an array disposed 
essentially parallel to and spaced from a conductive back plane, and 

varying the capacitance between at least selected ones of adjacent conductive surfaces in 
said array to thereby tune the impedance of said high impedance surface. 

23. The method of claim 22 wherein the step varying the capacitance between adjacent 
conductive surfaces in said array includes connecting microelectomechanical capacitors between 
said at least selected ones of adjacent conductive surfaces, 

24. The method of claim 22 or 23 wherein the step of varying the capacitance between at 
i4east selected ones of adjacent conductive surfaces includes applied control voltages to at least 

selected ones of said conductive surfaces. 

25. The method of any one of daims 22-24 wherein the size of each conductive surface 
along a major axis thereof is less than a wavelength of the radio frequency signal, and preferably 
less than one tenth of a wavelength of the radio frequency signal, and the spacing of each 
conductive surface from the back plane being less than a wavelength of the radio jficequency 
signal. 

26. The method any one of clainas 22-25 wherein the high impedance surface is tuned so 
that a parabolic reflection phase function is impressed on the high impedance surface. 

27. Tlie method of claim 26 wherein flie parabolic phase function has discontinuities of 2tt 
therein. 

28. The method of any one of claims 22-25 wherein the high impedance surface is tuned 
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that a linear reflection phase function is impressed on the high in^edance surface. 



29. The method of claim 28 wherein the Unear phase function has discontinuities of 2iz 
thetem. 

30. The method of any one of claims 22 - 25 wherein the conductive surfaces aie generaUy 
planarand whanein the array is generally planar. 

31. The method of claim 22 whman the step of varying the capacitance between at least 
selected ones of adjacent conductive surfaces in the first mentioned array includes: 

arranging a second plurality of g«ierally spaced-apart conductive surfaces in a second 
array disposed essentially paraUd to and spaced from said conductive back plane by a distance 
greater than the distance said first plurality of generally spaced-apart conductive surfaces is 

spaced fitom said conductive back plane, and 

moving the second pluiaUty of generally spaced-^part conductive surfaces relative to the 
fffst plurality of generaUy spaced-apart conductive surfaces. 

32. Themethodof claimSl wheieinthestepof moving the second pluraUty of generaUy 
spaced-apart conductive surfacesrelativetothefiistpluraUty of generaUy spaced-apart 
conductive surfaces comprises rotational movement m a plane essentiaUy paraUd to said arrays. 

33. The method of claim 31 or 32 wherdn the aze of eadi conductive surface along a major 
axis thereof is less than a wavelength of the radio fi«quency signal, and prrferably less flian one 
t«ith of a wavdength of the radio fiequency signal, and the qacing of eadi conductive surface 
of the fiKtpluraUly from the back plane is less thanawavelraigth of flie radio fiequenoy signal. 

34. The method of any one of clahns 3 1 - 33 wherem the high unpedance surface is tuned 
so fliat a linear reflection phase function is impressed on die high inq»dance surface. 

35. The method of claun 34 wherein the Unear phase function has discontinuities of Tn 
therdn. 

36. The method of any one of claims 22 - 35 wherein the conductive surfaces are generally 
planar and whaein the array is generaUy planar. 

37. Themethodofanyoneofclauns22-36whereinfliecapadtanceisvaiiedbetweettaU 
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38. The method of any one of claims 22-37 wherein the high impedance surface steers 
and/or focusses said radio frequency signal . 

39, A tuneable impedance surface for reflecting a radio frequency beam, the tunable surface 
compiising: 

(a) a first substrate formed of a dielectric material having a thickness which is less than a 
wavelength of the radio frequency beam; 

(b) a conductive back plane diq^iosed on a first major surface of said first substrate; 

(c) a first plurality of elements disposed in an array on a second major surface of said 
first substrate, each element of said first plurality of elements having an outside dimenidon 
which is less than a wavelength of the radio frequency beam; 

(d) a second substrate formed of a dielectric material havmg a thickness which is less 
than a wavelength of the radio frequency beam, then second substrate being disposed in a 
confronting relationship to tiie first substrate; 

(e) a second plurality of elements disposed in an array on said second substrate^ each 
element of the second plurality of dements having an outside dimension which is less than a 
wavelength of the radio frequency beam; and 

(f) the second substrate being moveable laterally relative to the first substrate for 
conbollably varying the impedance of said tuneable impedance surface. 
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